
Engineering Quality & Durability into Components Using Robust Design DOE March 12, 2003

Engineering Quality & Durability into Components 
Using Robust Design

by
Andreas Vlahinos & Ken Kelly

NREL



Engineering Quality & Durability into Components Using Robust Design DOE March 12, 2003

Acknowledgments

• This research effort was supported by the Department 
of Energy (DOE), Office of the FreedomCAR and 
Vehicle Technology.  We would like to express our 
appreciation to:
– Robert Kost, team leader of the FreedomCAR and 

Vehicle Technology office
– Lee Slezak, Technology Manager of FreedomCAR and 

Vehicle Technologies Program
– Terry Penney and Keith Wipke of NREL
– Tien Duong, Technology Manger of Electrochemical 

Energy Storage program and 
– Ted J. Miller of Ford Motor Company and 

FreedomCAR Battery Tech Team Chairman



Engineering Quality & Durability into Components Using Robust Design DOE March 12, 2003

Acknowledgments

Industry Guests:

Dr. Subhash Kelkar, Technical Specialist 
Durability CAE Methods Dev. Advanced Vehicle Technology
Ford Motor Company

Jen Schafer
Director Government Affairs
Plug Power Inc.



Engineering Quality & Durability into Components Using Robust Design DOE March 12, 2003

Outline

• Introduction to Engineering Quality
• Program Overview
• Applications:

– FORD Think Mobility Design Optimization
– Robust Design of Fuel Cell Stack
– Power Electronics Cooling with Behavioral Modeling
– Design For Six-sigma in Battery Thermal 

Management
– Design of Experiments Techniques 

for Road Load Reduction
– Catalytic Converter 
– Topology Optimization of Fuel Cell Endplates
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Contradicting Design Requirements

– Cost
– Performance & safety
– Quality
– Time to market & short life 

cycle
– Environmental impacts
– Aesthetics (wow, lust for 

the product, I got to have 
it ...)

– Major Changes in 
Industry’s Business Model

The need for innovative tools is apparent now 
more than ever as more complex design 
requirements are surfacing such as:
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Quality - Robust Design

• Definition of Robust Design:
Deliver customer expectations at 
profitable cost regardless of:
– customer usage
– variation in manufacturing 
– variation in supplier 
– variation in distribution, delivery & installation
– degradation over product life

• Goals of Robust Design (shift and squeeze)
– Shift performance mean to the target value
– Reduce product’s performance variability
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Statistical Design Performance Simulation?
“ You ‘ve got to be passionate lunatics about the quality issue …”

Jack Welch
“U.S. autos fight poor quality reputation …” 

Joe Miller / The Detroit News

“ Product quality requires managerial, technological and 
statistical concepts  throughout all the major functions of the 
organization  …”

Josheph M. Juran

Variation (thickness, properties, surface finish, 
loads, etc.) is … THE ENEMY

DOE, Six Sigma, Statistical FEA, Behavioral 
Modeling …                                      THE DEFENCE
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Improved Quality reduced Total Cost

Failure Failure 
CostsCosts

Cost ofCost of
controlcontrol

Defect LevelDefect Level

C
os

t
C

os
t

3σ
4σ

6σ

Cost of Defect
or Failure
•Lost Customers

•Liability ( R&D )

•Recalls (production)

•Rework

Examples:

Titanic

Asbestos

Breast Implants 

Bhopal, India

…



Engineering Quality & Durability into Components Using Robust Design DOE March 12, 2003

Elements of Quality Process: The alphabet soup

BT  
CFD * CFM * CAIV

6σ *DFMA * DOE * FMEA 
CED * JIT * PBS * PFMEA

QFD * SDPS * PCA 
SPC * SCM * SW

Robust Design
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Elements of Quality Management Process

• Agile Improvement Process
• Axiomatic Design *
• Benchmarking  & Bench-trending
• Catch-ball
• Cellular Manufacturing
• Continuous Flow Development
• Continuous Flow Manufacturing
• Cycle Time Management
• Defect Reduction
• Design for Manufacturing and 

Assembly
• Design of Experiments
• Failure Modes effects Analysis
• Cause and Effect Diagrams
• Just In Time

• Performance Based Specifications
Process 

• Failure Mode Effects Analysis
• Quality Function Deployment
• Robust Design
• Self-Directed Work Teams
• Statistical Design Performance 

Simulation
• Process Capability Analysis
• Statistical Process Control
• Supply Chain Management
• Synchronous Workshops
• Theory of Constraints *
• Thinking Process Reality Trees
• Total Productive Maintenance
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• Although all the elements of quality management 
process are closely connected they remain apart 
because they have been developed independently 
from each other

• Integration of these tools is critical to the 
organization and necessary for successful federation 
and robust optimization efforts

Elements of Quality Management Process
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Traditional Deterministic Approach

• Accounts for uncertainties through the use of empirical 
Safety factors:
– Are derived based on past experience
– Do not guarantee safety or satisfactory performance
– Do not provide sufficient information to achieve optimal use of available 

resources 

2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0 1 8 0 2 0 0
0

0 . 0 0 5

0 . 0 1

0 . 0 1 5

0 . 0 2

0 . 0 2 5

0 . 0 3

0 . 0 3 5

Supply
Resistance 
Capacity

Demand
Load 

Requirement
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Noise & Control Parameters

• Noise parameters:
Factors that are beyond the control of the designer or 
too expensive to control or change
– material property variability
– manufacturing process limitations
– environment temperature & humidity
– component degradation with time
– ...

• Control Parameters:
Factors that the designer can control
– geometric design variables
– material selections
– design configurations
– manufacturing process settings
– ...
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Tools for Robust Design

• Design Of Experiments
– Exploits nonlinearities and interactions between 

noise & control parameters to reduce product 
performance variability

– full factorial, fractional factorial, Monte-Carlo, 
LHC

• Response Surface Methods
– Central Composite Design
– Box-Behnken Design

• 6-sigma design
– Identifying & qualifying causes of variation
– Centering performance on specification target
– Achieving Six Sigma level robustness on the key 

product performance characteristics with 
respect to the quantified variation
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Shift and Squeeze
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Statistical Design Performance Simulation

Simulation of input 
parameters (material, 

thickness, spot welds, …)   
Statistical analysis of 

output parameters 
(stress, fatigue life, …)

X3X2X1

Y

Z

X
Monte Carlo

Response Surface

PDS

•Over-design is avoided     
( not “as planned“, “as is” or the 
“worst design”)
•Weight Reduction
•Six sigma quality
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Program Overview
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Digital Functional Vehicle
integrated engineering tools for enabling energy saving technologies

• Integration of the latest Computer Aided Engineering 
tools with advanced design techniques to solve key 
technical barriers and to accelerate the development 
process.  We work closely with industry to identify 
technical challenges and provide innovative solutions.
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Digital Functional Vehicle
integrated engineering tools for enabling energy saving technologies

• Sampling from the NREL Tool Kit:
– TRIZ & Topology Optimization for conceptual design
– Parametric Behavioral Modeling CAD (not dimension but attribute driven 

design)
– Finite Element Modeling (implicit, explicit, VPG)
– Multi-physics applications (structural/thermal, fluid/thermal, 

electromagnetics,etc)
– Optimization integrated with CAD & FEA
– Design for 6-sigma using CAE (DFSS)
– Probabilistic Design Methods (engineering quality into designs)
– Experimental Design Techniques
– Integration with Vehicle Systems Analysis tools
– Engineering Resources and Computational Power Available at National 

Labs
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Recent DFV Applications
Petroleum Consumption, Technical Hurdles, Transfer to Industry
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Robust Designs of
Fuel Cell Components
-Thermal analysis
-Structural analysis
-Topology optimization
- High temperature stack

- Plug Power

Behavioral Modeling for 
Power Electronics Cooling
- Ballard Power Systems

Design for Six-sigma 
Techniques for 
Battery Thermal 
Management
- Ford Motor Co - USABC
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Robust Optimization reusable workflow template
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Robust Optimization reusable workflow template

0 10 20 30 40 50 60 70
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

  Lo ad (N)

 R
el

at
iv

e 
Fr

eq
ue

nc
y

 His to g ram o f Lo ad Variatio n (Lo g no rmal)

0.8 0 .85 0.9 0 .95 1 1.05 1 .1 1.15 1 .2
0

2

4

6

8

10

12

14

  Th ic kn e s s  t (m m )

 P
ro

ba
bi

lit
y 

D
en

si
ty

 Th ic kn e s s  Varia tio n  (No rm a l) w ith  µ t=1 .10  m m  & σ t=0 .0 33  m m

0.8 0 .85 0.9 0 .95 1 1.05 1 .1 1.15 1 .2
0

2

4

6

8

10

12

14

16

  Th ic kn e s s  t (m m )

 P
ro

ba
bi

lit
y 

D
en

si
ty

 Th ic kn e s s  Varia tio n  (No rm a l) w ith  µ t=0 .88  m m  & σ t=0 .0 26 4  mm

Ford Motor Company
SAE – IEBEC 2002



Engineering Quality & Durability into Components Using Robust Design DOE March 12, 2003

Robust Optimization reusable workflow template

Daimler Chrysler
SAE  Powertrain Conference
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Robust Optimization reusable workflow template

USABC / Ford
American Society of Quality

0 10 20 30 40 50 60 70
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

  Lo ad (N)

 R
el

at
iv

e 
Fr

eq
ue

nc
y

 His to g ram o f Lo ad Variatio n (Lo g no rmal)

0.8 0 .85 0.9 0 .95 1 1.05 1 .1 1.15 1 .2
0

2

4

6

8

10

12

14

  Th ic kn e s s  t (m m )

 P
ro

ba
bi

lit
y 

D
en

si
ty

 Th ic kn e s s  Varia tio n  (No rm a l) w ith  µ t=1 .10  m m  & σ t=0 .0 33  m m

0.8 0 .85 0.9 0 .95 1 1.05 1 .1 1.15 1 .2
0

2

4

6

8

10

12

14

16

  Th ic kn e s s  t (m m )

 P
ro

ba
bi

lit
y 

D
en

si
ty

 Th ic kn e s s  Varia tio n  (No rm a l) w ith  µ t=0 .88  m m  & σ t=0 .0 26 4  mm



Engineering Quality & Durability into Components Using Robust Design DOE March 12, 2003

Transferring the Tools to Industry
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Press & Analyst Community
"Engineering Quality into 
Digital Functional Vehicles," 
IDPS2002, 2002 June 2002

"Mixing CAD with simulation 
gives designers new power" 
September 2002 Machine 
Design Magazine 

"The Probability of Optimum 
Design" October 2002 
Desktop Engineering 
Magazine

"The Probability of Quality" 
March 2003 Desktop 
Engineering Magazine

September 2002
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Outline

• Introduction to Engineering Quality
• Program Overview
• Applications:

– FORD Think Mobility Design Optimization
– Robust Design of Fuel Cell Stack
– Power Electronics Cooling with Behavioral Modeling
– Design For Six-sigma in Battery Thermal 

Management
– Design of Experiments Techniques 

for Road Load Reduction
– Catalytic Converter 
– Topology Optimization of Fuel Cell Endplates
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FORD Think Mobility Design Optimization

Space Claim 
Envelope
Suspension 
Optimization

Time to Market

Crash SimulationTopology Optimization
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Outline

• Introduction to Engineering Quality
• Program Overview
• Applications:

– FORD Think Mobility Design Optimization
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– Power Electronics Cooling with Behavioral Modeling
– Design For Six-sigma in Battery Thermal 

Management
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– Topology Optimization of Fuel Cell Endplates
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Robust Design of Fuel Stack
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Power Electronics Cooling with Behavioral Modeling
Enabling Critical Technologies

Multi-Physics Modeling
conjugate solutions of thermal, 

structural, 
fluid-flow, 

electromechanical problems
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Power Electronics Cooling with Behavioral Modeling
Project Goal :

Develop a heat exchanger design to efficiently remove heat 
from  AIPM and reject it into the vehicles coolant loop with 
uniform cooling, minimum cost, volume and pressure drop.

Objective:
Identify which cooling concept the NREL team should pursue 
further:

1. Pin-Finned Design

2. “Cook-top” serpentine flow field

3. “Fish bone” fins

4. Carbon Foam

5. Aluminum Extrusion with Expanded Metal Turbulator
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Conjugate Solution of CFD and Heat Transfer
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• Gap Thickness
• Cell Resistance
• Flow Rate
• Six input parameters:

1. µtgap
2. σtgap
3. µR
4. σR
5. µFrate
6. σFrate

Inputs with Variation
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Outputs

• SMART Attributes 
– Simple
– Measurable
– Agree to
– Reasonable
– Time-based

• Outputs – variation
– max temperature
– differential temperature
– pressure drop

• Six input parameters:
– µTmax, µdT, µdP
– σTmax, σdT, σdP
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Sensitivity Analysis

• Sensitivity of the design 
variables on the response 
attributes
– The flow rate has the most 

impact on the maximum 
temperature

– All three input design variables 
have about equal effect on the 
temperature differential

– The internal battery resistance 
has no effect on the pressure 
drop.
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Design Space with σ Quality Regions Tmax
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Design of Experiments Techniques 
for Road Load Reduction

NREL Parametric
Tire Data

(Geometric, Material,
Loading, Modeling) Parametric Solid Model

FEA Model

Execution at ORNL
SupercomputerFEA Results

DOE 

Optimization
Enrich -

Data Base

• Improving the loads prediction capability using an 
accurate tire model would assist in minimizing vehicle 
weight while creating durable vehicle structure

3600 CPU hours
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Tire Geometry Morphing
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Catalytic Converter Section

• ΦmaxΦmin
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Catalytic Converter Failure Avoidance Study

• If ∆ = Φmax-Φmin, τallowable exhibits a given 
variation identify the supplier 
specification (maximum standard 
deviation of ∆) in order to achieve six-
sigma quality
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Topology Optimization of Fuel Cell Endplates

Topology Optimization for Light 
Weight End Plate

Conceptual Design with 
Improved Membrane Pressure 
Distribution

RIT Paper investigates “Effect 
of Material and Manufacturing 
Variations on MEA Pressure 
Distribution” 
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What’s Next?
How can you use 

these techniques in 
your program ?


	Engineering Quality & Durability into Components Using Robust Design
	Acknowledgments
	Acknowledgments
	Outline
	Contradicting Design Requirements
	Quality - Robust Design
	Statistical Design Performance Simulation?
	Improved Quality reduced Total Cost
	Elements of Quality Process: The alphabet soup
	Elements of Quality Management Process
	Elements of Quality Management Process
	Traditional Deterministic Approach
	Noise & Control Parameters
	Tools for Robust Design
	Shift and Squeeze
	Statistical Design Performance Simulation
	Program Overview
	Digital Functional Vehicleintegrated engineering tools for enabling energy saving technologies
	Digital Functional Vehicleintegrated engineering tools for enabling energy saving technologies
	Recent DFV ApplicationsPetroleum Consumption, Technical Hurdles, Transfer to Industry
	Robust Optimization light weight designs with 6? quality
	Robust Optimization reusable workflow template
	Robust Optimization reusable workflow template
	Robust Optimization reusable workflow template
	Robust Optimization reusable workflow template
	Transferring the Tools to Industry
	Press & Analyst Community
	Outline
	FORD Think Mobility Design Optimization
	Outline
	Robust Design of Fuel Stack
	
	
	
	Outline
	Power Electronics Cooling with Behavioral Modeling Enabling Critical Technologies
	Power Electronics Cooling with Behavioral Modeling
	Conjugate Solution of CFD and Heat Transfer
	Outline
	Inputs with Variation
	Outputs
	Sensitivity Analysis
	Design Space with ? Quality Regions Tmax
	
	Tire Geometry Morphing
	Outline
	Catalytic Converter Section
	Catalytic Converter Failure Avoidance Study
	Outline

